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Abstract We have studied the electronic structure and
charge-carrier dynamics of individual single-wall carbon
nanotubes (SWNTs) and nanotube ropes using optical
and electron-spectroscopic techniques. The electronic struc-
ture of semiconducting SWNTs in the band-gap region
is analyzed using near-infrared absorption spectroscopy.
A semi-empirical expression for ES11 transition energies,
based on tight-binding calculations is found to give strik-
ing agreement with experimental data. Time-resolved
PL from dispersed SWNT-micelles shows a decay with
a time constant of about 15 ps. Using time-resolved pho-
toemission we also find that the electron-phonon (e-ph)
coupling in metallic tubes is characterized by a very
small e-phmass-enhancement of 0.0004. Ultrafast electron-
electron scattering of photo-excited carriers in nanotube
ropes is finally found to lead to internal thermalization
of the electronic system within about 200 fs.
1 Introduction
The electronic properties of single-wall carbon nanotubes
(SWNTs) and specifically of semiconducting SWNTs hold
promise for application in a variety of optical devices
such as light-emitting- [1] and photo-sensitive diodes [2],
for nonlinear optical- or light harvesting materials and
more. The electronic structure and the dynamics of opti-
cally excited states in SWNTs naturally plays a decisive
role for the operation of such devices. In particular the
scattering times of photoexcited carriers with electrons,
phonons and defects as well as the competition of ra-
diative with non-radiative decay processes are of great
interest for a better understanding of electronic trans-
port phenomena in optical devices [3,4,5,6,7,8,9,10,11,
12,13,14].
Here, we make use of the recent development of tech-
niques for the exfoliation of SWNTs from nanotube-
ropes which provides the basis for a detailed investi-
gation of optical properties and excitations in individ-
ual SWNTs using near-infrared (NIR) absorption spec-
troscopy or spectrofluorimetric techniques [15,16]. These
advances also allow to address questions of fundamental
interest such as the character of optical excitations in
systems with reduced dimensionality. Binding energies
of Wannier-type excitons, for example, are predicted to
depend strongly on the dimensionality and the lowest
state is expected to diverge towards infinite binding en-
ergy as the system becomes truly one-dimensional [17,
18]. It has previously been speculated that some optical
transitions in individual SWNTs are excitonic, but so
far, the reported evidence is not conclusive. Here, we will
discuss the character of optical excitations in individual
SWNTs in further detail. The corresponding transition
energies are analyzed using tight-binding (TB) calcula-
tions which show that the observed variation of transi-
tion energies with tube diameter and chirality can be
identified with variations in the TB band-gaps. The de-
cay of optically excited states is determined by the com-
petition of non-radiative and radiative decay processes.
These are investigated experimentally using picosecond
time-resolved photoluminescence (PL) spectroscopy.
We have furthermore studied carrier dynamics in SWNT
ropes using femtosecond time-resolved photoemission. A
detailed analysis of these experiments allows to deter-
mine characteristic timescales of fundamental scatter-
ing processes such as electron-electron (e-e) or electron-
phonon (e-ph) scattering. We find that e-e interactions in
bundles of SWNTs give rise to e-e scattering times which
strongly increase as the carrier energy approaches the
Fermi level. The internal thermalization of the photo-
excited electron gas is facilitated by such e-e scatter-
ing processes and is characterized by a time constant of
200 fs. The electron-phonon (e-ph) coupling in metallic
tubes finally is found to be extraordinarily weak with a
mass enhancement of only 0.0004. The latter suggests
that room temperature e-ph scattering times are on the
order of 15 ps. These results are discussed with respect
to the influence of radiative and non-radiative decay pro-
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cesses on the carrier dynamics in individual tubes and
tube ropes.
2 Experimental
Ultraviolet to visible to near-infrared (UV-VIS-NIR) ab-
sorption spectra and time-resolved PL studies were ob-
tained from samples synthesized by the high pressure CO
decomposition technique [19]. So called HiPCO mate-
rial has been purchased from CNI Houston. For absorp-
tion experiments, individual SWNTs were isolated from
HiPCO material in sodiumdodecylsulfate (SDS) micelles
by the technique described in ref. [15]. At wavelengths
below 1350 nm the well resolved spectrum from micelles
in H2O was extended by results from measurements in
D2O. For PL measurements the samples were dispersed
using sodium cholate. Time-resolved PL from SWNT
cholate micelles is performed using 300mW of output
from a Tsunami Ti:sapphire with sub-100 fs excitation
pulses at a repetition rate of 82 MHz and a wavelength of
795nm. Detection is done by a Hamamatsu synchroscan
streak camera with an IR-enhanced cathode. The time
resolution is here found to be slightly better than 10 ps.
The laser spot size in the 2mm long quartz cuvette was
≈ 0.5mm in diameter. This allowed to keep pulse flu-
ences at a very low level of 1013 photons per cm2 or
less.
Time-resolved photoemission experiments were here
performed with samples consisting of purified nanotube
ropes that were produced by the laser vaporization tech-
nique (tubes@rice). A Ti:sapphire laser pumped optical
parametric amplifier (Coherent) generates tunable fem-
tosecond pulses with wavelengths between 470nm and
730nm. Fundamental and second harmonic beams gen-
erated from the OPA output are used as visible pump
and UV probe respectively. The fluence for the visible
pump and UV probe beams is typically 50µJ cm−2 and
5µJ cm−2, respectively, which corresponds to a pump
power of 109Wcm−2. For more details see reference
[7].
3 Results and discussion
In Fig. 1 we compare the absorption spectrum from col-
loidal graphite with spectra from SWNT-ropes as well as
from individual exfoliated SWNT-micelles in aqueous so-
lution. The optical density of colloidal graphite increases
continuously from the near infrared to the UV range
due to the logarithmic singularity in the joint density of
states near 5 eV for excitation of free carriers from π
to π∗ bands [20,21]. The optical density in SWNT ropes
follows a similar general trend as seen for graphite illus-
trating the intimate relationship of the electronic struc-
ture of these two materials. However, the middle spec-
trum in Fig. 1 from SWNT ropes also exhibits some
pronounced fine structure on top of the continuously
Fig. 1 Comparison of the optical density of colloidal
graphite (lower trace), crystalline single-wall carbon nan-
otube ropes (middle trace) and exfoliated SWNTs in solu-
tion.
rising background. These features can be attributed to
optical transitions between different sub-bands of semi-
conducting and metallic SWNTs in the suspension. For
tubes with a diameter of approximately 1 nm, absorp-
tion features in the range from 0.8 eV to 1.3 eV and fea-
tures in-between about 1.4 eV and 2.5 eV are associated
with ES11 and E
S
22 transitions between the first and sec-
ond π sub-bands in semiconduction tubes, respectively.
Broad and not clearly resolved features between about
2.0 eV to 3.5 eV are due to EM11 transitions between the
first sub-bands in metallic tubes. The nomenclature used
here for optical transitions is EXkl , where k and l refer to
the valence and conduction sub-band index, respectively
and X = S,M refers to transitions in semiconducting or
metallic tubes, respectively. Transitions with k = l are
dipole-allowed for light polarized parallel to the tube axis
[22].
If individual SWNTs are combined into ropes one
finds that ES11 transitions become substantially broad-
ened. The corresponding 100meV increase of the FWHM
of absorption features is indicative for the large contri-
bution of tube-tube interactions to the width of tran-
sitions in spectra from SWNT ropes [13]. Higher lying
ES22 and E
M
11 transitions are broad both in the exfoliated
and crystalline phase which suggests that intratube re-
laxation from higher energy states provides an efficient
decay channel for tubes in all environments. In the fol-
lowing we will begin the discussion with a detailed anal-
ysis of ES11 transitions within the first absorption cluster.
3.1 Analysis of absorption spectra from SWNT-micelles
In Fig. 2 we have plotted a background corrected absorp-
tion spectrum with well-resolved spectral features in the
range of the first absorption cluster. To analyze the op-
tical transitions in this energy range in further detail we
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Fig. 2 a) Near-infrared region of the background corrected
SWNT micelle absorption spectrum (circles) and multi-peak
fit using a linear combination of 24 Voigt profiles (thin line).
Individual peak positions are marked by vertical lines above
the spectrum. b) the resulting diameter- and c) peak-width
distributions for semiconducting SWNTs.
performed a multi-peak fit with a maximum of 24 inde-
pendent Voigt profiles. The resulting fit is shown in Fig.
2a) as thin line superimposed on the experimental data
(dots). The excellent agreement between fit and experi-
ment can be appreciated from the nearly vanishing resid-
uals in the upper part of Fig. 2a). Due to the excellent
signal to noise ratio, errors of peak positions are on aver-
age only about 1meV. The experimental peak energies
obtained here can be found in Table 1 together with tran-
sitions obtained from PL measurements [16]. The distri-
bution of peak widths with its mean at 25meV is shown
in Fig. 2b). The contribution of Gaussian and Lorentzian
components to the Voigt profiles is about equal. Similar
average widths of 23meV and 25meV were recently also
observed for band-gap PL from single SWNTs dispersed
on a surface or SWNT micelle ensembles in solution, re-
spectively [16,23].
A comparison of peak positions obtained here with
those reported by Bachilo et al. for PL measurements
from SWNT-micelles dispersed in D2O [16] yields ex-
1 Values taken from ref. [15] are redshifted by 3meV.
Table 1 Comparison of the position of spectral absorp-
tion features obtained experimentally and from the semi-
empirical, TB band-structure based model.
Tube type d (nm) hνexpt
11
(eV) hνcalc11 (eV)
(5,4) 0.62 1.4851 1.480
(6,4) 0.69 1.4171 1.421
(9,1) 0.76 1.354 ± 0.001 1.357
(8,3) 0.78 1.298 ± 0.001 1.302
(6,5) 0.76 1.261 ± 0.001 1.260
(7,5) 0.83 1.208 ± 0.001 1.208
(11,0) 0.87 1.190 ± 0.001 1.187
(10,2) 0.88 1.172 ± 0.001 1.170
(9,4) 0.91 1.120 ± 0.007 1.123
(8,4) 0.84 1.109 ± 0.002 1.108
(7,6) 0.89 1.100 ± 0.001 1.097
(9,2) 0.81 1.089 ± 0.008 1.095
(12,1) 0.99 1.067 ± 0.001 1.053
(8,6) 0.97 1.054 ± 0.001 1.053
(11,3) 1.01 1.032 ± 0.001 1.032
(10,3) 0.94 0.9891 0.985
(10,5) 1.05 0.9891 0.988
(9,5) 0.97 0.991 ± 0.001 0.988
(11,1) 0.91 0.9791 0.976
(8,7) 1.03 0.976 ± 0.001 0.971
(13,2) 1.12 0.948 ± 0.003 0.947
(9,7) 1.10 0.933 ± 0.001 0.935
(12,4) 1.14 0.919 ± 0.001 0.924
(10,6) 1.11 0.8951 0.889
(11,4) 1.07 0.896 ± 0.001 0.897
(12,2) 1.04 0.895 ± 0.002 0.896
(11,6) 1.18 0.8841 0.885
(9,8) 1.17 0.873 ± 0.001 0.873
(15,1) 1.23 0.8671 0.871
(13,5) 1.28 0.8351 0.836
(10,8) 1.24 0.836 ± 0.007 0.842
(12,5) 1.20 0.8261 0.820
(13,3) 1.17 0.823 ± 0.001 0.826
(10,9) 1.31 0.794 ± 0.004 0.792
traordinary agreement if a 3meV blue-shift of the fluo-
rimetric data is accounted for. The previously observed
redshift of luminescence data of a few meV [15] here
appears to be overcompensated by differences in transi-
tion energies in different environments, i.e. in heavy and
light water. The peak assignment adopted here is prac-
tically identical to that previously discussed in ref. [13]
as ’scenario I’ and is guided by the energetic order of
peaks in fluorimetric data of Bachilo et al. [16]. In cases
where no peaks are reported from PL data, our assign-
ment was guided by the order of peaks expected from
the semi-empirical TB band-structure model discussed
below. If the spectral weight of individual peaks in the
absorption spectrum is combined with the assignment to
specific tube types, i.e. tube diameters, we can also cal-
culate the diameter distribution of semiconducting tubes
in the present sample which is reproduced in Fig. 2c).
The mean diameter of 0.98nm obtained here is in good
agreement with that recently obtained by a luminescence
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study 0.96nm [16] and Raman studies, with 1.13nm [24]
and 0.98nm [25]. The diameter distribution obtained in
ref. [13] is at variance with that obtained here, appar-
ently because the statistical weight of individual tube
types varies if the JDOS — as in a previous study [13]
— or Voigt profiles are used to fit experimental spectra.
The probability distribution of the chiral vector map re-
sulting from the above assignment and fit shows a slight
preference for armchair tubes.
Next, we will attempt a quantitative discussion of
observed transition energies by comparison with ener-
gies predicted by a refined version [26,13] of the original
TB band-structure model [27,28]. The TB calculations
used here explicitly include the crucial diameter and chi-
rality dependence of the TB hopping integral γ0 with-
out which any such comparison would be useless. The
refined TB-model leads to more pronounced oscillations
of band-gaps with tube diameter than predicted by the
earlier zone folding schemes because the latter used to
neglect mutual realignment of pz orbitals on the curved
graphene sheet. However, the magnitude of γ∞0 , the TB
hopping integral for the uncurved graphene sheet, is fre-
quently used as a free parameter and there is no general
agreement on the appropriate value that should be used
for optical excitations. Scanning tunneling spectroscopy
of individual SWNTs yields γ∞0 values between 2.45 eV
and 2.7 eV [29,30], while an analysis of optical exper-
iments suggest that values between 2.65 eV and 3.0 eV
are more appropriate (see, for example, refs. [7] and [31]).
Resonant Raman spectra are frequently analyzed using
a hopping integral around 3.0 eV [32].
If experimental peak positions are here fit by the one-
parameter TB model one obtains best agreement with
calculated gaps if γ∞0 = 3.450 eV. The resulting residu-
als can be characterized by a 25meV root mean square
(RMS) and are plotted as a function of tube diameter in
Fig. 3a). The steep slope of the straight line fit to resid-
uals clearly illustrates that the one-parameter TB model
cannot account for the observed diameter dependence of
transition energies. This deficiency can be removed by
the addition of a number of empirical corrective terms
which give successively better agreement with experi-
ment and thereby also allow to discuss the possible phys-
ical origin of remaining discrepancies. Previously, a first
order correction was introduced in the form of an empir-
ical offset parameter Ω [13] which, in combination with
a variable γ∞0 , allow to skew the diameter dependence
of calculated transition energies (see Fig. 3b)). Within
this two parameter model, best agreement is obtained for
γ∞0 = 3.059 eV and Ω = 0.120 eV. However, the result-
ing residuals exhibit a clear correlation with the tube chi-
ral angle θ(n,m) = arcsin(
√
3m/(2 ·
√
n2 + n ·m+m2))
as seen in Fig. 3c). The second order correction thus
includes a term which varies with the chiral angle as
A · cos(6 · θ(n,m)) (see solid line in Fig. 3c). At this
point the root mean square deviation of experimental
and calculated transition energies is only 6meV (γ∞0 =
Fig. 3 a-c) Residuals from a fit of experimental data with
transition energies from a semi-empirical TB band-structure
model. The agreement between experiment and model be-
comes increasingly better if a phenomenological band off-
set parameter as well as a chirality correction are included.
The straight line in a) is the linear regression and the solid
curve in c) represents the contribution from the phenomeno-
logical chirality correction. Experimental transition energies
are compared in d) with predictions from the four param-
eter semi-empirical model. The root mean square deviation
(RMS) of experimental and model transition energies is also
indicated.
3.061 eV, Ω = 0.118 eV, A = −0.0154 eV). The last cor-
rective term B · d(n,m) · cos(6 · θ(n,m)) is included to
partially remove a combined correlation of residuals with
diameter d and chiral angle θ. The phenomenological
four parameter model describing optical transition ener-
gies ES11 in the band-gap region is finally given by:
Eopt S11 (n,m) = γ
∞
0 · ǫTB11 (n,m) (1)
+ (A+B · d(n,m)) cos[6 · θ(n,m)]
+ Ω
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Fig. 4 Effective exciton masses calculated using the chiral-
ity and diameter corrected TB-band-structure model [26].
In contrast to expectations for excitonic transitions, there is
no apparent correlation of transition energies with effective
masses.
where ǫTB11 are the TB band-gaps as calculated using
the diameter and chirality corrected nearest neighbor
hopping integrals [26]. Best agreement with experiment
is here obtained for γ∞0 = 3.022 eV, Ω = 0.130 eV,
A = −0.0543 eV, and B = 0.00395 eV. The quality of
the agreement between experiment and calculated tran-
sition energies is evident from Table 1 and Fig. 3d) where
calculated gap-energies are plotted as a function of the
tube diameter. Note, that the root mean square devia-
tion is below 4meV.
Alternatively, we have also combined diameter and
chirality corrected TB calculations with a simple Wan-
nier type exciton model. Transition energies are here cal-
culated within the effective mass approximation allow-
ing also for fractal dimensionality of excitons α, with
1 < α < 3. The transition energy is then given by:
ES11(n,m) = γ
∞
0 · ǫTB11 (n,m)−
µEH
ǫ2mel
(
n+ α−3
2
)2 (2)
where n = 1, 2, 3, ... is the principal exciton quantum
number while µ and mel are the effective exciton and
free electron mass and ǫ is the dielectric constant [18].
EH is the Rydberg constant. µ(n,m) is obtained from
TB-valence and conduction band effective masses mh
and me using µ
−1 = m−1e + m
−1
h . For semiconducting
tubes studied here µ is found to vary strongly with chi-
rality and diameter and decreases from values around
0.25mel γ
∞
0 /eV at 0.6 nm diameter to about 0.10mel γ
∞
0 /eV
at 1.3 nm diameter (see Fig. 4). The dielectric constant
is assumed to be less dependent on chirality and di-
ameter and the exciton binding energy should thus be
most strongly influenced by its effective mass. Interest-
ingly, a fit of experimental data to eq. 2, where ǫ and
α are treated as adjustable parameters provides no sig-
nificant improvement over the zero-order one-parameter
TB model described above. We also find no correlation
of any of the residuals described above with µ(n,m).
This analysis suggests that optical transitions in SWNT
micelles are not excitons of the Wannier type. However,
other observations are in favor of such an interpreta-
tion as for example the large value of γ∞0 = 3.438 eV in
the one-parameter fit. It can hardly be reconciled with
previously reported values. In particular band-gaps ob-
served in scanning tunneling spectroscopy are at vari-
ance with the transition energies measured here. The
band-gap measured by STS is determined by the thresh-
old for injection of free electrons or holes into the band-
structure of SWNTs and Coulomb interactions play a
comparatively negligible role. However, Coulomb inter-
actions are crucial for exciton formation and lead to
a renormalization of the band-structure obtained from
non-interacting electron models such as the TB calcula-
tion. The general trend of Coulomb interactions would
be to significantly raise the energy needed for excita-
tion of free electron-hole (e-h) pairs. The discrepancy
between transition energies observed in optical and STS
experiments would thus be easily resolved if optical tran-
sitions in SWNTs were excitonic in character. A compar-
ison of the high transition energies observed here for a
specific tube type with results from STS experiments,
suggests that Coulomb interactions lead to a substantial
renormalization of the non-interacting electron band-
structure and gap energies perhaps by as much as ten
to tens of percent. Similar changes of band-gap energies
as a consequence of Coulomb interactions have been pre-
dicted theoretically by Ando [33].
Here, a further point of interest is the observation
that the absorption spectrum of Fig. 3a) can be ex-
tremely well described by a linear combination of nearly
perfectly symmetrical absorption features. Note, that
absorption by generation of free electron-hole pairs would
be associated with a pronounced asymmetry of absorp-
tion features. Specifically, the joint density of states (JDOS)
shows such asymmetries and consequently also the ab-
sorption cross sections — even if spectral broadening is
included [13,22]. The highly symmetrical shape of ab-
sorption features thus appears to be consistent with ex-
citonic transitions.
In conclusion, we observe striking agreement of ex-
perimental transition energies and energies obtained from
a semi-empirical 4 parameter model based on refined TB
band-structure calculations. This strongly suggests that
the observed oscillation of transition energies with di-
ameter and chirality is dictated by corresponding oscil-
lations of the TB band-gaps. The somewhat unexpect-
edly large band-gaps and the highly symmetrical shape
of absorption features in NIR spectra are consistent with
an excitonic character of optical transitions. We specu-
late, that the offset parameter Ω provides a rough mea-
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Fig. 5 a) Photoluminescence spectrum from individual
SWNT-micelles. The name and diameter of a number of
tubes is also specified. b) Energy integrated photolumines-
cence decay. The decay has been fit by a 15 ps decay (solid
line).
sure of the difference between band-gap widening due
to Coulomb interactions and the exciton binding energy.
This would also suggest that exciton binding energies
are only weakly dependent on tube diameter and chi-
rality, i.e. their effective mass, which appears to be at
variance with expectations for Wannier type excitons.
The nature of optical transitions in the band-gap region
thus remains somewhat unclear and further experimen-
tal work seems necessary to unambiguously identify the
character of optical excitations in SWNTs.
3.2 Charge-carrier dynamics in individual SWNTs
In the following we will discuss scattering and relax-
ation processes of optically excited carriers in individual
SWNTs and SWNT ropes as studied by time-resolved
photoluminescence (PL) and photoelectron (PE) spec-
troscopy.
If SWNTs are exfoliated from ropes and dispersed in
aqueous solution one finds that the PL quantum yield in-
creases by orders of magnitude reaching values on the or-
Fig. 6 Femtosecond time-resolved photoelectron spectra at
different time-delays up to 5 ps. The contribution of photoex-
cited non-thermal electrons is evident from the apparent de-
viation of the experimental data from the Fermi-Dirac fit
(dashed line), in particular at early delay times up to about
0.5 ps
der of 10−3.[15] The associated PL spectra are character-
ized by a very small Stokes shift of about 5meV. In Fig. 5
a) we have plotted a PL spectrum from water suspended
HiPCO micelles in the wavelength range from 850 nm to
1200nm. The pump power in these experiments corre-
sponds to a pulse fluence of below ·1013 photons per cm2
such that nonlinear effects are not expected. The ma-
jor features can be linked to absorption features in the
same energy range corresponding to transitions in tubes
with small diameters between 9.1 A˚and 7.6 A˚. We have
marked the peak positions and diameters of a few tubes
in this energy range. The energy-integrated PL signal in
Fig. 5b) decays with a time-constant of about 15 ps. De-
viations from a simple exponential decay may be indica-
tive of a distribution of relaxation times in these sam-
ples, i.e. heterogeneous broadening of the corresponding
transitions. Such heterogeneities may arise, for example,
from a distribution of tube lengths. In combination with
the recently reported PL quantum yield of 10−3 [15].
This indicates that the radiative lifetime of the lumi-
nescent states is on the order of 10 ns. The fast decay
observed here thus underlines the importance of non-
radiative decay processes for the PL lifetime. The de-
tailed mechanism of such non-radiative decay processes,
however, needs to be explored in further detail.
3.3 Charge-carrier dynamics in SWNT ropes
As mentioned above, the luminescence quantum yield is
reduced severely if tubes are agglomerated in tube ropes
were tube-tube interactions lead to a rapid decay of ex-
cited states. This is also supported by the ≈ 100meV
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Fig. 7 Photoelectron cross-correlation traces from SWNT
ropes for three different electron energies. The initial fast
component is seen to be strongly energy dependent and can
be associated with electron-electron scattering leading to
rapid internal thermalization of the laser excited system. The
slow component is associated with electron-phonon interac-
tions and leads to a somewhat slower cooling of the system
back to the lattice temperature of 300K.
increase of linewidths in absorption spectra from crys-
talline SWNT samples [13]. The fast decay of excited
states can be clearly seen in femtosecond time-resolved
photoelectron spectra as the ones shown in Fig. 6 the
photoelectron signal from the vicinity of the Fermi level
of SWNT ropes is shown on a logarithmic scale for differ-
ent pump-probe delays. Here, the system was perturbed
by a visible 2.32 eV pump pulse and was probed by a
weaker second harmonic 4.64 eV UV probe pulse. The
photoelectron spectra clearly show the dynamics of the
optically excited SWNT ropes on the sub- and picosec-
ond timescales. The absence of pronounced features in
these spectra similar to those found in optical spectra
can be attributed to the greater sensitivity of photoemis-
sion to the alignment of the band-structure with respect
to the Fermi level [4,7].
If spectra are fit by a hot Fermi-Dirac distribution
(dashed lines) one finds that the electron distribution
has a non-thermal component up to a pump-probe delay
of about 0.5 ps. Here, the process of internal thermaliza-
tion of the electronic system after photoexcitation can be
characterized by a time-constant of 200 fs. We have pre-
viously shown that the latter can be attributed to rapid
electron-electron scattering processes similar to those in
graphite [4,7]. At the same time one also finds that after
Fig. 8 Energy dependence of the fast component in cross-
correlation traces from SWNT ropes. The pronounced in-
crease of relaxation times near the Fermi-level and the resem-
blance with results in graphite suggest that the fast compo-
nent is associated with electron-electron scattering processes.
a rapid initial jump to slightly above 2000K the tem-
perature of the electronic system cools back down to-
wards the lattice temperature of 300K on the picosec-
ond time-scale. This process is intimately related to the
electron-lattice interaction and can be used to quantita-
tively determine the electron-phonon mass enhancement
parameter [3].
The dynamics of internal thermalization and cool-
ing can also clearly be discriminated using the time-
dependence of the intensity at a specific photoelectron
energy (see Fig. 7). Each of the cross-correlation traces
in Fig. 7 monitors the intensity within a certain energy
window in the PE-spectrum. Using the probe photon
energy the latter can be related to a specific interme-
diate state energy with respect to the Fermi level. The
cross-correlation traces in Fig. 7 can be decomposed into
two components, one decaying on the subpicosecond and
one on the picosecond time-scale. The fast component is
associated with the internal thermalization of the elec-
tronic system while the slow component is related to the
cooling of the laser heated system [7].
The energy dependence of the fast component is plot-
ted in Fig. 8 showing a pronounced increase of relaxation-
times in the vicinity of the Fermi-level, a behavior typi-
cal of metallic systems [34]. Similar decay times are also
found in graphite [35] (see Fig. 8) where the fast de-
cay could be attributed to intralayer electron-electron
scattering by a comparison with recent ab inito self-
energy calculations [35,36]. The fast sub-picosecond de-
cay found here can readily account for the vanishingly
small PL quantum yield observed for SWNT ropes. The
decay of excited states in semiconducting tubes is be-
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Fig. 9 Evolution of the internal energy and the correspond-
ing electron gas temperature of the electronic system after
laser heating.
lieved to be facilitated by rapid intertube electron scat-
tering and successive generation of low energy secondary
electron cascades, primarily in metallic tubes. The excess
energy of the resulting hot electron distribution is finally
distributed among lattice and electronic degrees of free-
dom by the e-ph interactions discussed in the following
parahraphs.
The slow decay seen in the cross-correlation traces
of Fig. 7 is analyzed in more detail following the ap-
proach described in ref. [14]. To illustrate this in detail,
we have plotted the electronic temperature Te and the
corresponding internal energy of the electronic system
as a function of time before and after laser excitation
in Fig. 9. The internal energy of the electronic system
is seen to jump to about 107W/m3 as a consequence of
laser excitation. If the evolution of the internal energy is
differentiated with respect to time one obtains the rate of
energy change of the electronic systemH = H(Te, Tl), or
more specifically the rate at which energy is transferred
between electrons at temperature Te and the lattice at
temperature Tl (see inset of Fig. 9). This rate can be re-
lated to the electron-phonon mass-enhancement param-
eter λ using:
H(Te, Tl) =
144 ζ(5) kB γ
π h¯
λ
Θ2D
(T 5e − T 5l ) (3)
where ζ(5) = 1.0369... is Riemann’s Zeta function, γ is
the specific electronic heat capacity and ΘD the samples
Debye temperature [14,37]. Note, that we here measure
the electron-phonon energy transfer in metallic tubes be-
cause metallic tubes contribute most strongly to the den-
sity of states near the Fermi level. For the following anal-
ysis we used a Debye temperature of 1000K and a spe-
cific heat capacity of nanotube ropes with a 2:1 mixture
of semiconducting to metallic tubes of 12µJ/mole/K. A
fit to the temperature dependence of the experimental
energy transfer rate using the above constants yields an
extraordinary small λ of 0.0004±0.0001 (see Fig. 9). This
Fig. 10 Dependence of the electron-to-lattice energy trans-
fer rate of metallic tubes in tube ropes on the electron gas
temperature. The lattice temperature in this experiment was
300K. The solid line is a fit to eq. 3 used to determine the
strength of the electron-phonon coupling constant λ. Also
included is a schematic representation of two conceivable
scattering processes with twistons or longitudinal acoustic
phonons.
weak coupling is consistent with electron scattering from
to two different acoustic phonon modes: a longitudinal-
and a so called twiston mode [3]. Note that the electron-
phonon mass enhancement in copper is almost 3 orders
of magnitude higher [38].
The above value for λ can also be used to calculate
the ballistic e-phmean free path from the e-ph scattering
time τe−ph which is given by:
1
τe−ph
= 24 π ζ(3)
kB
h¯
λ
1 + λ
T 3e
Θ2D
(4)
With ζ = 1.2020... and the above mass enhancement pa-
rameter this would give a room temperature scattering
time in metallic nanotubes of 15 ps which corresponds to
an e-phmean free path le−ph of 15µm [39]. This provides
a clear confirmation of previously reported long e-ph bal-
listic mean free paths [40,41] from the perspective of a
time-domain experiment.
4 Conclusions
We have studied the electronic structure and dynamics
of optically excited SWNTs in crystalline ropes as well
as isolated in solution. The transitions in optical spectra
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of individual SWNTs can be well described by a semi-
empirical, tight-binding based model with four free pa-
rameters. Our analysis of optical spectra shows that the
variation of transition energies with tube diameter and
chirality can be attributed to oscillations of the band-gap
obtained from a refined tight-binding calculation. Note,
that fully empirical expressions of transition energies of
the type given in ref. [16] are very useful for the inter-
and extrapolation of band-gaps to presently unobserved
tube species but provide little insight into the physical
origin underlying band-gap variations if different tube
types are compared. One of the corrective terms in the
semi-empirical expression presented here, for example,
clearly identifies a chirality dependent contribution to
transition energies whose origin yet needs to be clari-
fied. Furthermore, in spite of the evidence in favor of an
excitonic character of optically excited states we find no
correlation of the observed transition energies with ef-
fective electron or hole masses as expected for Wannier-
Mott type excitons.
The dynamics and energy relaxation in optically ex-
cited tube ropes is found to be dominated by rapid intra-
and intertube scattering processes that lead to inter-
nal thermalization of the laser-heated electronic system
within about 200 fs, most likely through electron-electron
interactions. The coupling of the hot electron gas to
phonons via scattering from longitudinal acoustic phonons
or twistons is found to be characterized by a room tem-
perature electron-phonon scattering time on the order of
15 ps. The latter is a consequence of the weak electron-
lattice coupling also reflected by the experimentally de-
termined e-ph mass enhancement parameter λ of 0.0004.
Relaxation of photo-excited states near the band-gap of
exfoliated semiconducting tubes is significantly slower
than in ropes as reflected by the commonly observed in-
crease of photoluminescence quantum yields in isolated
tubes to values on the order of 10−3. Here, we found
the luminescence decay of SWNTs in sodium cholate mi-
celles to be about 15 ps which clearly illustrates that non-
radiative decay processes dominate energy relaxation in
semiconducting SWNTs. This also allows to estimate the
radiative lifetime in semiconducting SWNTs to be on the
order of 10 ns.
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